To provide further insights into ruminant lipid digestion and metabolism, and into cis-9,trans-11 18:2 synthesis, 12 growing Engadine lambs grazing either mountain pasture (2,250 m above sea level; n = 6) or lowland pasture (400 m above sea level; n = 6) were studied. Both pastures consisted exclusively of C 3 plants. Before the experiment, all animals grazed a common pasture for 6 wk. Grasses and perirenal adipose tissues of the sheep were analyzed for fatty acids by gas chromatography. Stable C-isotope ratios (δ 13 C values in ‰ vs. the Vienna Pee Dee Belemnite standard) were determined in the composite samples by elemental analysis-isotope ratio mass spectrometry. The δ 13 C of the individual fatty acids were measured by gas chromatography-combustion-isotope ratio mass spectrometry. The δ 13 C value of the entire mountain pasture grass was −27.5‰ (SD 0.31), whereas that of the lowland pasture grass was −30.0‰ (SD 0.07). This difference was reflected in the perirenal adipose tissues of the corresponding sheep (P < 0.05), even though the δ 13 C values were less in the animals than in the grass. The δ 13 C values for cis-9 16:1 and cis-9 18:1 in perirenal fat differed between mountain and lowland lambs (P < 0.05). The 16:0 in the adipose tissue was enriched in 13 C by 5‰ compared with the dietary 16:0, likely as a result of partly endogenous synthesis. The δ 13 C values of cis-9,trans-11 18:2 (cis-9,trans-11 CLA) in the adipose tissue were smaller than those of its dietary precursors, cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3; conversely, the δ 13 C values of trans-11 18:1 were not, suggesting that large proportions of perirenal cis-9,trans-11 18:2 were of endogenous origin and discrimination against 13 C occurred during Δ 9 -desaturation. The same discrimination was indicated by the isotopic shift between 16:0 and cis-9 16:1 in the mountain grazing group. Furthermore, the δ 13 C values of cis-9,trans-11 18:2 were smaller relative to the precursor fatty acids in the mountain lambs compared with the lowland group. This result suggests a reduced extent of biohydrogenation in lambs grazing on mountain grass in comparison with those grazing on lowland grass. This was supported by the smaller cis-9,trans-11 18:2 concentrations in total fatty acids found in the adipose tissues of the lowland lambs (P < 0.001). The results of this study demonstrate that natural differences between δ 13 C values of swards from different pastures and the adipose tissue fatty acids could be used as tracers in studies of lipid metabolism in ruminants.
ABSTRACT:
To provide further insights into ruminant lipid digestion and metabolism, and into cis-9,trans-11 18:2 synthesis, 12 growing Engadine lambs grazing either mountain pasture (2,250 m above sea level; n = 6) or lowland pasture (400 m above sea level; n = 6) were studied. Both pastures consisted exclusively of C 3 plants. Before the experiment, all animals grazed a common pasture for 6 wk. Grasses and perirenal adipose tissues of the sheep were analyzed for fatty acids by gas chromatography. Stable C-isotope ratios (δ 13 C values in ‰ vs. the Vienna Pee Dee Belemnite standard) were determined in the composite samples by elemental analysis-isotope ratio mass spectrometry. The δ 13 C of the individual fatty acids were measured by gas chromatography-combustion-isotope ratio mass spectrometry. The δ 13 C value of the entire mountain pasture grass was −27.5‰ (SD 0.31), whereas that of the lowland pasture grass was −30.0‰ (SD 0.07). This difference was reflected in the perirenal adipose tissues of the corresponding sheep (P < 0.05), even though the δ 13 C values were less in the animals than in the grass. The δ 13 C values for cis-9 16:1 and cis-9 18:1 in perirenal fat differed between mountain and lowland lambs (P < 0.05). The 16:0 in the adipose tissue was enriched in 13 C by 5‰ compared with the dietary 16:0, likely as a result of partly endogenous synthesis. The δ 13 C values of cis-9,trans-11 18:2 (cis-9,trans-11 CLA) in the adipose tissue were smaller than those of its dietary precursors, cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3; conversely, the δ 13 C values of trans-11 18:1 were not, suggesting that large proportions of perirenal cis-9,trans-11 18:2 were of endogenous origin and discrimination against 13 C occurred during Δ 9 -desaturation. The same discrimination was indicated by the isotopic shift between 16:0 and cis-9 16:1 in the mountain grazing group. Furthermore, the δ 13 C values of cis-9,trans-11 18:2 were smaller relative to the precursor fatty acids in the mountain lambs compared with the lowland group. This result suggests a reduced extent of biohydrogenation in lambs grazing on mountain grass in comparison with those grazing on lowland grass. This was supported by the smaller cis-9,trans-11 18:2 concentrations in total fatty acids found in the adipose tissues of the lowland lambs (P < 0.001). The results of this study demonstrate that natural differences between δ 13 C values of swards from different pastures and the adipose tissue fatty acids could be used as tracers in studies of lipid metabolism in ruminants.
INTRODUCTION
Stable C-isotope analyses are increasingly applied in ecological (Tieszen et al., 1983; Hobson, 1987) , tracer (Stott et al. 1997; Camin et al., 2008) , and metabolic studies (Metges et al., 1990; Klevenhusen et al., 2010) . To date, most of the studies have used the natural variation (resulting from different photosynthetic pathways) in the stable C-isotope composition (δ 13 C values in ‰ vs. Vienna Pee Dee Belemnite standard; VPDB) between C 3 and C 4 plants. However, the enrichment of one isotope relative to another one (isotope fractionation) may also occur with increasing altitude (Körner et al., 1988) . Further, differences in δ 13 C values are known between and within the individual fatty acids of C 3 plant species (Spangenberg et al., 1998; Richter et al., 2010) . However, the conservation of the dietary isotopic fingerprint and the isotope fractionation associated with the metabolic transformation of lipids in ruminants have not been investigated to any great degree. In a previous study on the milk of dairy cows fed C 3 or C 4 diets, clear differences between δ 13 C values of dietary fatty acids and milk led to the conclusion that cis-9,trans-11 18:2 was mainly produced through endogenous Δ 9 -desaturation (Richter et al., 2012) . One objective of the present investigation was to determine whether lipid pools other than milk fat also contain considerable proportions of endogenously derived cis-9,trans-11 18:2. Therefore, the isotopic fractionation between fatty acids in feed and in perirenal adipose tissues of growing lambs was investigated by compound specific C-isotope analyses. The second objective was to evaluate the suitability of this method for a broader range of cases. Therefore, diets were used that did not differ in proportions of C 3 and C 4 plants but in plant species diversity and site elevation, both of which are presumed to result in clear differences in their C-isotope compositions.
MATERIALS AND METHODS
This experiment was approved by the cantonal veterinary office of Zug, Switzerland.
Animals and Diets
Twelve male lambs of the Engadine sheep breed, born in October-November 2009 and with an initial BW of 32.7 kg (SD 3.5), were purchased and, for a period of 6 wk, grazed a pasture located at the ETH research station "Chamau" (400 m above sea level; hereafter called the "lowland site"). For an experimental period of 9 wk (June to August 2010), one-half of the lambs remained grazing on the lowland site, whereas the other one-half were moved to the ETH research station "Alp Weissenstein" (2,250 m above sea level; hereafter called the "mountain site"). The groups of animals were balanced for age and BW. Water was offered ad libitum at both sites. The lowland sward was a ley sown with a mixture of Italian ryegrass (Lolium multiflorum), red clover (Trifolium pratense), and white clover (Trifolium repens), all C 3 plants. At the time of grazing, these 3 plants made up 90% of the lowland sward, with little weed infestation. The mountain site was an alpine Geo montani-Nardetum pasture consisting of more than 40 plant species (exclusively C 3 plants) but dominated by mat grass (Nardus stricta), evergreen sedge (Carex sempervirens), and heath wood-rush (Luzula multiflora). Swards were sampled 4 times from 3 representative plots covering a transect at each grazing area. The 24 feed samples were oven-dried for 24 h at 60°C, pooled per site, homogenized, and pulverized using a ball mill (model MM301, Retsch, Haan, Germany), and then stored in 150-mL polyethylene terephthalate flasks at room temperature until analysis. The animals were slaughtered immediately after completing 9 wk of experimental grazing. Perirenal adipose tissues were removed and stored in the dark at −20°C until analysis. This type of adipose tissue was chosen because it is a typical storage tissue and its composition is not influenced by ambient temperature, which clearly had the potential to be different between the 2 pasture sites (Leiber et al., 2004) .
Lipid Extraction from Feed Samples and Fatty Acid Methylation
Lipids were extracted and fatty acids were methylated from a 1-g aliquot of the pooled, powdered feed samples as described by Palmquist and Jenkins (2003) . As an internal standard, 19:0 (Sigma-Aldrich, Buchs, Switzerland) dissolved in dichloromethane was used (0.85 mg/mL). After adding 2 mL of this internal standard and 3 mL of 10% methanolic HCl as the catalyst for transmethylation, samples were heated for 2 h at 90°C. After cooling, 1 mL of hexane as the solvent for the fatty acid methyl esters (FAME) and 10 mL of 6% potassium carbonate to stop the reaction were added. The samples were centrifuged at 500 × g for 6 min at room temperature and the upper layer was taken. Subsequently, 1 g of sodium sulfate was added, and an aliquot of the solvent containing the FAME was subjected to TLC to remove any pigments. The mobile phase consisted of diethyl ether, acetic acid, and hexane (15:2:85, vol/vol/vol; Kramer et al., 1983) . Bands were visualized by spraying with 2,7-dichlorofluorescein dissolved in ethanol. These bands were then scraped off into filtration tubes filled with sodium sulfate and fiberglass, and the FAME were eluted with hexane and chloroform (1:1, vol/vol) and then dried under N. Residues were dissolved in hexane and stored at +4°C for further analyses.
Lipid Extraction from Perirenal Adipose Tissues and Fatty Acid Methylation
Perirenal adipose tissue samples were thawed at room temperature. Lipids were extracted with hexane-isopropanol (3:2, vol/vol) and the fatty acids were derivatized with methanolic BF 3 following a slight modification of IUPAC method 2.301 (International Union of Pure and Applied Chemistry, 1991) . Approximately 100 mg of pure fat was boiled for 3 min with 2 mL of NaOH (0.5 M). Later, 3 mL of methanolic BF 3 (1.3 M) was added and the mixture was heated at 140°C for 4 min. The reaction was terminated by adding 7 mL of NaCl (0.34 M) and 2 mL of hexane. The tubes were shaken for 30 s and centrifuged at 1,100 × g for 1 min at room temperature. An aliquot of the upper layer was taken for gas chromatography (GC) and further analyses.
Silver-Ion TLC
Silver-ion TLC was applied to all samples to improve fatty acid separation (to separate saturated from cis-and trans-monoenoic and from polyenoic methyl esters such as cis-18:1 and trans-18:1 isomers) as described by Richter et al. (2009) . The TLC silica gel glass plates (60F-254 glass plates, 20 × 20 cm, Merck, Darmstadt Germany) were impregnated with 10% AgNO 3 in acetonitrile and dried at 110°C. The FAME were applied as a narrow linear band in the lower part of the plate. Plates were developed in a mobile phase containing toluene:hexane (1:1, vol/vol) and dried at room temperature for 1 h. The 4 FAME bands, representing PUFA, MUFA, trans fatty acids, and SFA, were visualized by spraying 2,7-dichlorofluorescein in ethanol. Each band was scraped off separately. The FAME were eluted with 4 mL of chloroform:methanol (9:1, vol/vol), and samples were subjected to the same procedure as described for the TLC of plant lipids above.
Fatty Acid Analysis
The determination of fatty acid composition in feed samples was performed on a gas chromatograph (Agilent 6890 Series GC-Systems, Wilmington, DE) equipped with a 30 m × 0.32 mm Supelcowax-10 column (Sigma Aldrich, Bellefonte, PA) and a flame-ionization detector. Samples were injected at 200°C and with a split of 10:1. The oven temperature program was as follows: 2 min at 150°C, +5°C/min up to 160°C for 5 min, +10°C/min up to 190°C for 5 min, and +3°C/min up to 250°C for 5 min. Helium was used as the carrier gas. The fatty acid composition of perirenal adipose tissues was analyzed by separating the FAME on a gas chromatograph (HP 6890 Series GC-Systems, Hewlett Packard, Waldbronn, Germany) equipped with a 200 m × 0.25 mm CP7421-column (Varian, Middleburg, the Netherlands; split ratio of 50:1) for cis/trans separation. Hydrogen was used as a carrier gas, with a flow of 1.7 mL/min, which was changed after 60 min to 1.3 mL/min. The 3-step temperature program was 60 min at 181°C, +5°C/min up to 230°C, 32 min at 230°C, +5°C/min up to 250°C, and 12 min at 250°C. Individual FAME were identified by comparison of individual retention times with those of a standard FAME mixture (37 Component FAME Mix, Supelco Inc., Bellefonte, PA), after characterization of the individual fatty acids by GC-mass spectrometry (Thermo Fisher Scientific, Argenteuil, France), using a Supelcowax-10 column (see above). Identification of fatty acids was performed in comparison with standards and the mass spectra and chromatograms published in Kramer et al. (2004) and Collomb and Bühler (2000) . Chromatograms were evaluated using the HP ChemStation software (Agilent, Palo Alto, CA). The proportions of the different FAME were calculated using the ratio of the peak area of the respective FAME to the sum of total FAME peak areas. Response factor correction was performed by using the certified beef-pork fat blend BCR-163 (Joint Research Center of the European Commission, Geel, Belgium) as the external standard.
C-Isotope Analyses of Composite Samples
All stable isotope analyses were performed in the laboratories of the Institute of Mineralogy and Geochemistry at the University of Lausanne. A Carlo Erba 1108 (Milan, Italy) elemental analyzer (EA) connected to a Thermo Fisher Scientific Delta V (Bremen, Germany) isotope ratio mass spectrometer (IRMS) that was operated in the continuous He flow mode via a Conflo III split interface (EA-IRMS) was used to measure the C-isotopic ratios of the composite samples (entire pasture grass samples and entire perirenal adipose tissue samples). Flush combustion was in an O 2 atmosphere in a quartz reactor at 1,020°C packed with Cr 2 O 3 and (Co 3 O 4 )Ag to form CO 2 , N 2 , NO x , and H 2 O. The gases were then passed through a reduction reactor containing elemental Cu and CuO at 640°C. Water was subsequently removed by anhydrous MgClO 4 , and CO 2 was separated in a gas chromatograph with a packed SS column (CE Instruments, Wigan, UK, 3 m length, 5 mm i.d.) at 70°C and analyzed for its isotopic composition on the IRMS. The reference gas CO 2 was inserted in the He carrier flow as pulses of pure standard gas. The stable C-isotope composition is reported in delta (δ) notation as parts per thousand (‰) deviations of the isotope ratio relative to the VPDB standard: δ = [(R sample − R standard )/R standard ] × 1,000, where R is the ratio of the heavy to the light isotope C values characterize a greater abundance of the heavier isotope ( 13 C enrichment) relative to the standard. The precision of the EA-IRMS method, defined as the variability observed from separately replicated analyses of laboratory standard materials (Spangenberg, 2006) , was better than 0.1‰ (1 SD) for the δ 13 C values.
C-Isotope Analyses of the Individual Fatty Acids
An Agilent 6890 gas chromatograph coupled to a Thermo Fischer Scientific Delta V IRMS by a combustion interface III was used to obtain the δ 13 C values of individual fatty acids under a constant He flow of 1.1 mL/min. The gas chromatograph was operated with the Supelcowax-10 column and at the same temperature program as used for the GC/flame-ionization detection analyses. The combustion interface consisted of 2 ceramic furnaces, an oxidation reactor with CuO/ NiO/Pt wires at 940°C, and a reduction reactor with Cu wires operated at 600°C. Water was removed from the effluent gas by passing a Nafion tube (Perma Pure, Toms River, NJ) with an annular back-flow of He. The background subtraction and the calculation of δ 13 C values were performed using ISODAT 2.5 software (Thermo Fisher Scientific, Bremen, Germany). The SD for repeatability ranged between 0.03 and 1.0‰ for the main FAME. A mass balance equation was used to cor-rect the isotopic shift caused by fatty acid methylation (δ 13 C FAME = f FA δ 13 C FA + f MeOH δ 13 C MeOH , where δ 13 C FAME , δ 13 C FA , and δ 13 C MeOH are the C-isotope composition of the FAME, the fatty acid, and the methanol used for methylation of the fatty acid, respectively; and f FA and f MeOH are the C fractions in the FAME attributable to the alkanoic chain and methanol, respectively; Spangenberg et al., 1998) . Because trans 18:1 isomers elute close to each other, the δ 13 C value reported as trans-11 18:1 included the isomers trans-9, trans-10, and trans-11. When run on the 200-m column as described above, the isomer trans-11 was found to be by far the most abundant trans-C18-monoene in the perirenal adipose tissue (mountain and lowland lambs, 73.9 and 77.2% trans-11 of total trans-18:1 FAME, respectively, as indicated in the respective table).
Statistical Evaluation
Data on proportions of the individual fatty acids and δ
13
C values in the perirenal adipose tissues were subjected to ANOVA using the GLM procedure (SAS Inst. Inc., Cary NC). The model applied was
where Y is the dependent variable, F is the individual fatty acid, D is the diet type, F × D is the interaction of both, A is the animal, and ε is the residual error. Fatty acid and diet type were considered fixed effects, and animal was considered a random effect. For statistical analysis of the composite samples and of the fatty acid concentrations for any kind of samples, only the diet type was considered a fixed effect. Multiple comparisons among perirenal fatty acid means between the 2 diet types were performed with Tukey's method.
Differences between mean values of individual perirenal fatty acids within 1 diet group (animals grazing the same pasture) were considered to be significant at P < 0.05 and to be a trend at P < 0.1 (LSD).
RESULTS
The fatty acid composition of the lipids in the lowland and mountain pasture grass was similar, with cis-9,cis-12,cis-15 18:3 being the most prominent fatty acid in the lipids of both pasture grasses. Greater proportions of cis-9,cis-12,cis-15 18:3 were observed in the total FAME of the lowland pasture (Table 1) . The total PUFA concentration as a percentage of total FAME was 57.8% for the lowland site and 53.7% for the mountain site. In the lipids of both pastures, 18:1n-9 was the predominant MUFA. The alpine pasture grass had greater contents of 18:1n-9 and 16:0 in total FAME compared with the lowland pasture grass. The total fat contents were low in both types of pasture (Table 1) .
The 2 experimental groups did not differ in carcass weight, dressing percentage, and fatness scores assigned by experienced staff when the animals were slaughtered (data not shown), indicating that the body composition for the animals was similar. The perirenal fatty acid profiles were different from those found in the pasture grass samples. In both groups of lambs, 16:0, 18:0, and cis-9 18:1 were the most abundant fatty acids ( Table 2) . The cis-9 18:1 concentration was similar in the lipids of the mountain lambs and the lowland lambs. The cis-9,cis-12,cis-15 18:3 (P = 0.01) and cis-9,cis-12 18:2 (P < 0.001) concentrations as a percentage of total FAME were greater in lambs that grazed on the mountain site. The cis-9,trans-11 18:2 concentrations were different (P < 0.001) between groups with greater concentrations in total FAME, which were found in lowland lambs. In ad- dition, trans-11 18:1 was found at slightly greater concentrations in total FAME from the perirenal adipose tissues of lowland lambs (P = 0.06; Table 2 ). The δ 13 C value of the entire lowland pasture grass was −30.0‰ (SD 0.07), whereas in the mountain pasture grass, it was −27.5 (SD 0.31; Table 1 and Figure  1) . Additionally, the C-isotope composition of all measured fatty acids from the lowland pasture had slightly smaller values compared with that of fatty acids from the mountain pasture. In the mountain pasture, the δ 13 C values of the main fatty acids were similar and ranged between −35.9 and −35.3‰, with the exception of the δ 13 C values for 18:1n-9, which had greater values (−32.8‰; Table 1 ). In the lowland pasture, the δ 13 C values ranged between −37.3 and −35.7‰, with smaller δ 13 C values observed for C18 PUFA. The δ 13 C values of the entire perirenal adipose tissues from lambs grazing either the mountain or lowland pasture were different (P = 0.03; Table 3 ), reflecting the differences in the forages. Between the δ 13 C values of individual fatty acids from mountain and lowland lambs, differences for cis-9 16:1 and cis-9 18:1 were observed (P < 0.05). Within diet groups, differences (P < 0.01) were found in δ 13 C between the main fatty acids. In both groups, the least δ 13 C values were measured for cis-9,trans-11 18:2, and δ 13 C values were greatest Diet P-value refers to the difference between the perirenal fatty acids from lambs grazing either the mountain or the lowland pasture. -9,trans-11 18:2, cis-9,cis-12 18:2, all-cis-9,12,15 18:3, all-cis-6,9,12 18:3, cis-11,cis-14 20:2, allcis-8,11,14 20:3, all-cis-5,8,11,14 20:4, all-cis-11,14,17 20:3, all-cis-5,8,11,14,17 20:5, cis-13,cis-16 22:2, allcis-4,7,10,13,16,19 22:6. 6 Branched-chain fatty acids; included 14:0 iso, 14:0 anteiso, 15:0 iso, 16:0 iso, 16:0 anteiso, 17:0 iso, and 17:0 anteiso. for 16:0 and cis-9 18:1. In the lowland group, the δ 13 C values for cis-9 16:1 were less than those for 16:0 (P < 0.05). An interaction was found between groups and δ 13 C values of individual fatty acids (P < 0.05). The δ 13 C cis-9,cis-12 18:2 values of the mountain pasture grass and of the perirenal adipose tissue in the corresponding lambs were similar, but all other perirenal fatty acids had greater values (up to 4.5‰ in 16:0; Figure  1 ) than in the grass. The δ 13 C cis-9,trans-11 18:2 value in the mountain lambs was smaller compared with its dietary precursors cis-9,cis-12 18:2 (up to 2.0‰) and cis-9,cis-12,cis-15 18:3 (up to 1.6‰). In contrast to the mountain group, the mean δ 13 C cis-9,trans-11 18:2 value in the lowland lambs was similar to its dietary precursors cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3. 13 C values usually range between −33 and −22‰ for C 3 plants (Bender, 1971) , depending on plant anatomy and on climatic and environmental conditions. As expected, the δ 13 C values in the composite samples and individual fatty acids of the mountain pasture grass were greater than those of the lowland grass, although only by approximately 2.5‰. Compared with the range for C 3 plants given above, this difference was very small, and for other forage types, larger differences could be possible. Part of this difference may have resulted from different dominating plant species present at different altitudes (as was mentioned earlier, Italian ryegrass, red clover, and white clover at the lowland site, and mat grass, evergreen sedge, and heath wood-rush at the mountain site). Additionally, climatic and environmental conditions such as temperature (Troughton and Card, 1975; Farquhar et al., 1989) and water availability (Warren et al., 2001 ) may have contributed to the difference in isotope composition. At increasing altitudes, the partial pressure of atmospheric CO 2 (pCO 2 ) declines; therefore the ratio of intercellular pCO 2 in the leaf and atmospheric pCO 2 becomes smaller (Farquhar et al., 1982; Körner et al., 1988) . This results in a decreased CO 2 uptake and a reduced carboxylation velocity on the part of the photosynthetic enzyme ribulose-1.5-bisphosphate-carboxylase (Jensen and Bahr, 1977; Woodrow and Berry, 1988) . These mechanisms result in less discrimination against the heavier C isotope in the plants during photosynthesis (Körner et al., 1988) and may explain a large part of the differences in the δ 13 C values found between mountain and lowland pasture grass.
In the lowland pasture, δ 13 C values of cis-9 18:1 and 18:0 were similar. This could be expected because cis-9 18:1 is synthesized from 18:0 by Δ 9 -desaturase (Nelson and Cox, 2008) . However, in the sward samples of the mountain pasture, a slight differentiation between the δ 13 C values of cis-9 18:1 and 18:0 took place, with the greater δ 13 C value being found for cis-9 18:1. An explanation for this finding could be the richness of plant species differing in both relative concentrations of 18:0 and cis-9 18:1 and in the δ 13 C values (Richter et al., 2010) .
C Values of Perirenal Fat Tissues of Lambs Grazing Either Mountain or Lowland Pastures
Trophic shifts (DeNiro and Epstein, 1978) between diet and animal tissues can occur during de novo biosynthesis of lipids (DeNiro and Epstein, 1977) , microbial activity in the rumen (Jenkins et al., 2008) , and metabolic turnover in the tissue (Tieszen et al., 1983) . Indigestible plant components in the diet (e.g., lignin) may cause a further isotopic shift (McCutchan et al., 2003) because their isotopic composition may differ from that of other digestible plant fractions. The δ 13 C values of the entire perirenal adipose tissues and fatty acids were smaller compared with those of the total diet. This was expected because the main metabolic components of the adipose tissues were lipids, whereas the diets mainly consisted of carbohydrates. The δ 13 C values of the major dietary components, the carbohydrates, are similar to those of total OM, whereas lipids are depleted in 13 C compared with the other components as a result of isotopic fractionation during biosynthesis (Park and Epstein, 1961; Jacobson et al., 1970; Rossmann et al., 1991) . In both diet groups, perirenal 16:0 was enriched in 13 C by ≥4.5‰ relative to the dietary 16:0 and was closer to the δ 13 C values of the entire plant material. This makes sense, because 16:0 partly results from de novo synthesis in the body, using acetate as a precursor (Bauman and Griinari, 2003) . Acetate is generated in the rumen from fermenting dietary carbohydrates. This suggests that, under experimental conditions in which individual fatty acid intake is determined, this isotopic shift between 16:0 in plants and animal tissues is suitable to estimate de novo synthesis rates of 16:0 in animals. The δ 13 C18:0 values of the perirenal adipose tissue from both groups of lambs were greater by 3.1‰ (mountain) and 4.3‰ (lowland), compared with those measured in the respective diet. This might also indicate that some de novo synthesis took place. However, for 18:0 the quantitative estimation of this pathway is not possible as it is for 16:0, because 18:0 is also produced to a substantial amount by ruminal microbial activity during biohydrogenation of unsaturated C18 fatty acids (Bauman and Griinari, 2003) . In the animal tissue, large proportions of 18:0 are further transformed to cis-9 18:1 by Δ 9 -desaturase , typically resulting in greater proportions of cis-9 18:1 in the perirenal fatty acid profile than in the diet.
A significant difference existed between the experimental groups in the δ 13 C values of perirenal cis-9 18:1. Similar to the corresponding pasture grass, the δ 13 C value of cis-9 18:1 in the perirenal adipose tissue of the mountain lambs was greater by 3.5‰ relative to 18:0. For the lowland lambs, the 13 C enrichment of cis-9 18:1 compared with 18:0 was much smaller (0.9‰). This might reflect the fact that a greater proportion of dietary cis-9 18:1 was incorporated directly into the adipose tissue of the mountain group, probably as a result of the double cis-9 18:1 proportion of the mountain grass. Additionally, a decreased amount of biohydrogenation of cis-9 18:1 might have occurred in the mountain lambs, resulting in a greater transfer of this fatty acid to the adipose tissue.
The PUFA (i.e., cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3), which can only originate directly from the diet (Barceló-Coblijn and Murphy, 2009), were more enriched in 13 C in the perirenal adipose tissue than in pasture. However, this was especially the case in the lowland group (cis-9,cis-12 18:2 by 2.1‰; cis-9,cis-12,cis-15 18:3 by 3.2‰), in a fashion that was different from the findings for cis-9 18:1. In the mountain lambs, this enrichment was decreased (1.4‰ for cis-9,cis-12,cis-15 18:3 relative to the total diet) or did not exist (cis-9,cis-12 18:2). This finding is consistent with conclusions drawn from evidence obtained in a previous study (Richter et al., 2012 ) that ruminal or endogenous fractionation occurs, resulting in an accumulation of 13 C-enriched cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3 molecules in either milk or perirenal adipose tissue.
Trans-11 18:1 (including minor proportions of other 18:1 trans isomers, all produced during biohydrogenation of cis-9,cis-12 18:2 and cis-9, cis-12,cis-15 18:3; Chilliard et al., 2007; Jenkins et al., 2008 ) showed δ 13 C values similar to its precursors before ruminal isomerization in the mountain group. By contrast, cis-9,trans-11 18:2 in adipose tissue clearly had smaller δ 13 C values than its precursors, including trans-11 18:1, which is derived from cis-9,trans-11 18:2 in the ruminal biohydrogenation pathway (Jenkins et al., 2008) . This deviation strongly suggests that the perirenal tissue cis-9,trans-11 18:2 does not result primarily from ruminal biohydrogenation, but must have been synthesized in another process in which biochemical isotope fractionation occurs. This strengthens our prior hypothesis (Richter et al., 2012 ) that Δ 9 -desaturase, catalyzing the endogenous desaturation of trans-11 18:1 toward cis-9,trans-11 18:2, might discriminate against 13 C. This isotopic shift during endogenous synthesis of cis-9,trans-11 18:2 seems to happen independently of the tissue because it was also found in the milk of lactating cows (Richter et al., 2012) , in which the major site for Δ 9 -desaturase is the mammary gland (Bickerstaffe and Johnson, 1972) . In growing ruminants, Δ 9 -desaturase is mainly present in the adipose tissue (St John et al., 1991) . A further indicator for the occurrence of isotopic fractionation during Δ 9 -desaturation was the observation that, at least in the lowland grazing group, cis-9 16:1 was clearly lighter than 16:0 in the adipose tissues. Other authors (Gilmour et al., 1995; Pond and Gilmour, 1997) have already reported that unsaturated fatty acids are depleted of 13 C in comparison with their corresponding saturated fatty acids. The heavier isotopologues ( 12 C-13 C, 13 C-13 C) consist of stronger chemical bonds compared with 12 C-12 C, followed by reduced enzymatic rate constants (Spangenberg et al., 1998) . Therefore, molecules with 12 C-12 C bonds are probably preferred, and the resulting substrates are depleted of 13 C. However, the findings made in cis-9 18:1 and 18:0 suggest that isotopic fractionation by Δ 9 -desaturase played a minor role for this fatty acid and that a greater amount of cis-9 18:1 escaped from the rumen, particularly in the group that grazed on the mountain site. This also implies a smaller extent of biohydrogenation in the mountain pasture group that is consistent with the greater proportion of endogenous origin of cis-9,trans-11 18:2 in these animals (in which ruminal biohydrogenation was less, as indicated by the greater isotopic shift between cis-9,trans-11 18:2 and its precursor fatty acids). It therefore seems possible that alpine swards may partly inhibit the first step of biohydrogenation (Leiber et al., 2005) because of the greater concentrations of phenolic compounds (Kälber et al., 2011) . The significant interaction between animal group and individual fatty acids suggests that the differentiation in δ 13 C values of individual fatty acids might depend not only on the pasture type, but also on the precursor fatty acid.
In conclusion, the present study showed that natural differences between δ 13 C values of individual fatty acids in pasture swards from different altitudes are partly preserved in perirenal adipose tissues of growing lambs grazing these pastures. Furthermore, during the metabolic production of cis-9,trans-11 18:2 from dietary C18 fatty acids, a discrimination against 13 C occurred. Because discrimination was not observed for trans-11 18:1 formation by ruminal biohydrogenation, it was concluded that this isotopic fractionation happened during endogenous desaturation and not in the rumen. Consequently, large proportions of cis-9,trans-11 18:2 in the perirenal lipids of the lambs were not of direct ruminal origin. The results show that the combination of fatty acid separation by silver-ion TLC with compound specific-isotope analysis is a promising tool to estimate pathways of fatty acid metabolism in ruminants.
